Epoxy resin (ER) was modified with four different epoxide compounds, 4,5-epoxy-4-methyl-pentane-2-on (EMP), 3-phenyl-1,2-epoxypropane (PhEP), 1-chloro-2,3-epoxy-5-(chloromethyl)-5-hexene (CEH), and a fatty acid glycidyl ester (FAGE), to improve its chemical and physical properties. The effects of the addition and amount of these modifiers on mechanical, thermal, and coating properties were investigated. Atomic force microscopy was used to observe the changes obtained with the modification. The influence of the modifying agents on the curing process was monitored through FTIR spectroscopy. The curing degrees of ER and modified ERs (M-ERs) were found to be over 91%. The results showed that tensile strength of ER improved till 30% (wt.) with addition of the modifier content. Modification with EMP and PhEP remarkably enhanced the thermal stability of ER to be highly resistant to the corrosive media.
Introduction
Thermosets, such as epoxy resins (ERs), are important polymeric materials since they have been widely used as high performance materials such as adhesives, composite matrices, and anticorrosion coatings [1] . However, these thermosets have inherently low impact resistances due to their high cross-linking density, which restricts some of their applications.
In the literature, a large number of studies have been conducted on the modification of highly cross-linked ERs to improve their impact resistance [2, 3] . For example, bisphenol-A type epoxy was modified with 4-(N-phthalimidophenyl) glycidyl ether (PPGE) in 5-20 wt.% and epoxy coating with 15 wt.% of PPGE showed improved mechanical, thermal, and flame retardant properties [4] . Jin and Park studied the effects of the addition of biobased epoxy materials on the impact strengths of DGEBA epoxy system. The authors observed that the impact strength increased from 13.9 to 21.9 J/m 2 with the addition of 60 wt.% epoxidized soybean oil (ESO) [5] . A similar trend was also reported by Miyagawa et al. using biobased neat epoxy materials containing epoxidized linseed oil [6] . In another study, Chen et al. have used n-butyl glycidyl ether (BGE) to modify diglycidyl ether of bisphenol-F (DGEBF) epoxy system and obtained enhanced impact strength with the modification. The impact strength increased by 77.6% with the addition of 40 phr BGE compared to that of the unmodified epoxy material [7] . Yang et al. have selected two flexible polyoxypropylene diamines (D-230 and D-400) to modify ERs and reported that the impact strength increased from 19.2 kJ/m 2 to 53.56 kJ/m 2 with the addition of the diamine modifiers [8] . The polybutadiene particles have been used to enhance the properties of epoxy matrix and all modified epoxy networks exhibited higher impact resistances with respect to the neat ER [9] .
In our previous study, ER has been modified with biobased and styrene-based polymers. The results indicated that the modification process enhanced several properties of ER such as surface hardness, tensile strength, percentage elongation, and stress at maximum load of the blends [10] .
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In addition to that, our recent studies have shown that the addition of some modifying agents and additives to polymer matrices significantly influenced their mechanical properties [11] [12] [13] . In the present study, ER was modified with epoxide compounds (modifiers) having ketone, ester, alkene, chloride, and phenyl groups and effects of the modifiers on the mechanical, thermal, and coating properties of ER were investigated. To the best of our knowledge, this is the first study in which ER was modified with epoxide compounds having varying functional groups.
Experimental
2.1. Materials. The modifiers, 4,5-epoxy-4-methyl-pentane-2-on, 3-phenyl-1,2-epoxypropane, 1-chloro-2,3-epoxy-5-(chloromethyl)-5-hexene, and fatty acid glycidyl ester, were synthesized with the use of precursors mentioned in the following subsections. The details of the procedures were explained in these parts, too. A commercially available bisphenol-A type epoxy resin (NPEK 114, Konuray Chemical Co.) diluted with aliphatic C 12 -C 14 glycidyl ether (ER) was used as the thermosetting matrix and it was cured with 30 wt.% Epamine PC17 (a cycloaliphatic polyamine, Konuray Chemical Co.). 2,4,6-Tris(dimethylaminomethyl)phenol (Sigma-Aldrich) was utilized as the epoxy embedding medium accelerator.
Synthesis

Synthesis of 4,5-Epoxy-4-methyl-pentane-2-on (EMP).
The EMP was synthesized through the oxidation of 4-methyl-3-pentene-2-on with hydrogen peroxide in basic medium. A solution of NaOH (2.0 mL, 20%) was added to the solution of 4-methyl-3-pentene-2-on (10.0 g) dissolved in diethyl ether (10.0 mL). Then, hydrogen peroxide (5.0 mL, 20%) was added dropwise to the mixture at room temperature. The mixture was stirred for 2 h and neutralized with a diluted HCl solution. Diethyl ether was removed using a rotary evaporator and EMP was obtained in 70% yield after vacuum distillation at 61-62 ∘ C/2 mmHg.
Synthesis of 3-Phenyl-1,2-epoxypropane (PhEP).
The PhEP was synthesized from the dehydrochlorination of 1-chloro-3-phenyl-2-propanol obtained through the alkylation of benzene with epichlorohydrin in the presence of AlCl 3 . Benzene (78.0 g) and AlCl 3 (16.6 g) were placed into a three-necked flask equipped with a mechanical stirrer, thermometer, and dropping funnel. The mixture was cooled to 0 ∘ C and epichlorohydrin (11.6 g) was added dropwise to the mixture. After the mixture was stirred at 10-15 ∘ C for 10 min, 10% HCl solution was added to the mixture. Organic layer was separated, washed with water, and dried on Na 2 SO 4 . Most of the benzene was removed by a rotary evaporator, and then alkylation product, 1-chloro-3-phenyl-2-propanol, was obtained in 50% yield by vacuum distillation at 91 ∘ C/2 mmHg. At the second stage, diethyl ether (150 mL) and KOH (56.1 g or 40.0 g of NaOH) were added in a three-necked flask equipped with a mechanical stirrer, thermometer, and dropping funnel. 1-Chloro-3-phenyl-2-propanol (34.0 g) was added dropwise to the mixture at 15 ∘ C. After the mixture was stirred for 2 h, it was dried on Na 2 SO 4 . Diethyl ether was removed with the use of a rotary evaporator, and then the PhEP was obtained in 80% yield after the vacuum distillation carried out at 59-60 ∘ C/2 mmHg.
Synthesis of 1-Chloro-2,3-epoxy-5-(chloromethyl)-5-hexene (CEH).
The CEH was prepared by the dehydrochlorination reaction, which was a condensation product from 3-chloro-2-methylpropene and 2,3-dichloropropanal catalysed by AlCl 3 . 3-Chloro-2-methylpropene (18.0 g), AlCl 3 (3.0 g), and benzene (40 mL) were placed into a three-necked flask equipped with a mechanical stirrer, thermometer, and dropping funnel. After 2,3-dichloropropanal (2.6 g) was added dropwise to the mixture, it was stirred for 2 h at room temperature. The mixture was neutralized by washing with water. Organic layer was treated with a solution of NaOH (40%, wt.) in diethyl ether (20 mL). Dehydrochlorination step was completed after stirring the mixture for 3 h. Then, the mixture was reneutralized by washing with water and dried on Na 2 SO 4 . Vacuum distillation of crude product at 64-66 ∘ C/4 mmHg gave the CEH in 70% yield.
Synthesis of Fatty Acid Glycidyl Ester (FAGE).
The waste of sunflower oil as fatty acid (FA) potassium salt was supplied from Zade Chemical Industry, Konya, Turkey. The FAGE was obtained by esterification of a fatty acid (FA) potassium salt with epichlorohydrin in alkaline medium. The FA waste (10.0 g) and benzene (10 mL) were placed into a flask (50 mL). A solution of KOH (4 mL, 40%) was added to the mixture followed by dropwise addition of epichlorohydrin (3.0 g) within 20-30 min at 40 ∘ C. After the completion of the addition, temperature was increased to 70-80 ∘ C and the mixture was refluxed for 5 h. The FAGE was obtained by distillation under reduced pressure.
Modifying ER with the Synthesized Epoxide Compounds.
The synthesized epoxide compounds were mixed with epoxy matrix in weight percentages of 10, 20, 30, 40, and 50%. The mixtures were stirred at 1200 rpm for an hour using a Heidolph RZR1 stirrer. Afterwards, Epamine PC17 hardener (30 wt.%) and epoxy accelerator (1 wt.%) were added and the final mixture was transferred into the mould. Samples were prepared in stainless steel moulds according to ASTM D638 standard. The samples were cured for 24 h at 40 ∘ C followed by a postcuring process for 48 h at 120 ∘ C.
Analysis and Testing
Determination of Epoxy Group ( O ).
In order to determine the percentage of epoxy group, 0.5 g of sample and 25 mL of a solvent mixture (60 mL of acetone + 1.5 mL of concentrated HCl) were placed into a 250 mL flask. The mixture was stirred for 2 h at room temperature. The epoxy groups were cleaved by the addition of excess HCI. The International Journal of Polymer Science 3 remaining HCI was titrated with 0.1 N KOH and its amount was calculated. The percentage of epoxy group was calculated using Epoxy groups, % = ( 1 − 2 ) × 0.0043 × × 100 ,
where 1 is the volume (mL) of 0.1 N KOH used for the titration of control, 2 is the volume (mL) of 0.1 N KOH used for the titration of sample, is the titration factor for 0.1 N KOH solution, is the amount (g) of the sample analysed, and 0.0043 is the number of epoxy groups corresponding to 1 mL of 0.1 N KOH [14] .
FTIR Analysis.
The FTIR spectra of the synthesized epoxide compounds and M-ERs were taken with the use of Bruker-Platinum ATR-vertex 70.
AFM Analysis.
The morphology of M-ERs was examined with a Solver P47H atomic force microscope (AFM, NT-MTD, Moscow, Russia) operating in tapping mode in air at room temperature. Diamond-like carbon (DLC) coated NSG01 DLC silicon cantilevers (from NT-MTD) with a 2 nm tip apex curvature were used at the resonance frequency of 150 kHz. The Nova 914 software package was used to control the system and for the analysis of the AFM images.
Mechanical Testing.
A Shore Durometer TH 210 tester was used for measuring the hardness of the samples. The resistances to stretch properties were determined by Stretch and Pressing Equipment TST-Mares/TS-mxe.
Thermal
Analysis. Thermal analysis experiment was carried out using a NETZCH-Geratebau GmbH model thermogravimetric analyser. The samples were heated under nitrogen atmosphere from 50 ∘ C to 800 ∘ C at a heating rate of 10 ∘ C⋅min −1 . The CEAST HDT-VICAT test equipment was used for measuring the softening point.
Water Sorption Testing.
The percentage of water sorption was determined by a gravimetric method. The M-ERs were stored in deionized water at room temperature for 30 days. To explore the temperature effect on water sorption, the same procedure was carried out at 45 ∘ C. The samples were daily taken and weighed after drying the surface. Water sorption of the coatings was calculated using
where 0 and are the mass of the dry sample and that of the sample at a corresponding time, respectively.
Adhesion and Corrosion
Testing. The adhesion property of M-ER coatings was determined by the "lattice notch method." The adhesion capability of the M-ERs was determined using a metal (cold rolled carbon steel) that contains C (0.2%), Mn (1.5%), Si (0.1%), P (0.01%), and S (0.008%) with the dimensions of 50 mm × 100 mm × 1 mm. The tested side of the rod was blasted and cleaned. M-ER coating was deposited as a layer (100-120 m) over the metal and the material was dried for 72 h at 120 ∘ C. According to the "lattice notch method," a thin epoxy layer was divided into small squares (1 mm × 1 mm) by a razor blade. Insulating tape (10-100 mm) was placed over these squares and the tape was suddenly pulled. In this process, a portion of small squares was separated from the surface of the metal and another portion remains on the surface. Therefore, adhesion percent was calculated from the number of small squares still remaining on the metal surface using
where is the total number of squares and is the number of squares removed from the substrate [15] . The metal surfaces coated with M-ER films (100-120 m thick) were immersed in 3% NaCl, 10% NaOH, and 10% HCl solutions for 15 days. After the removal of the coated metals from these solutions, amount of defects (swelling, colour changes, blurring, etc.) observed by naked eye was taken as a measure of the corrosion resistance [16] . Figure 1 shows the structures of the synthesized epoxide compounds EMP, PhEP, CEH, and FAGE. Their chemical structures were confirmed by infrared spectra (Figure 2 ) and the related data are given in Table 1 . Characteristic bands belonging to C-H vibrations were observed in the regions of 2830-3000, 1600, 1400-1450, and 1375 cm −1 for aliphatic C-H stretching, aromatic C=C stretching, aliphatic C-H bending, and C-H rock, respectively. The sharp bands observed at 745 and 1166 cm −1 can be assigned to C-Cl and C-O-C groups. Also, the presence of epoxide group was characterized by the appearance of typical bands at 1250, 913, and 830 cm −1 corresponding to C-O-C stretching of ethers and C-O and C-O-C stretching of oxirane group, respectively. These results showed that epoxy compounds were successfully synthesized.
Results and Discussion
Characterization of Epoxide Compounds.
The end groups (epoxy, hydroxide, glycol, chlorine, and bisphenol-A) were determined by classical chemical methods [17] . The presence of epoxide groups was also proved by acid 4 International Journal of Polymer Science 
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Wavenumber (cm titration. The results are given in Table 2 . The epoxy content of the synthesized compounds varied in the range of 7.30-13.48%.
The Explanation for Substances Used in M-ER Preparation.
Most of the mechanical properties of the ERs are closely related to the chemical composition of the material. The liquid aliphatic polyamines such as polyethylene polyamines (PEPAs) are among the first curing agents used with epoxies. Curing of epoxy matrices with these agents can be successfully carried out even at room temperature. Compared to aliphatic amines, cycloaliphatic amines produce cured resins having improved thermal resistance and toughness. They can provide an excellent balance of the properties such as fast curing, low viscosity, low toxicity, good adhesion to damp concrete, and excellent colour stability. However, they are more expensive than other types of curing agents [18] . In the present study, a cycloaliphatic polyamine was selected as the curing agent.
Characterization of M-ERs
Curing Degrees of ER and M-ERs. Almost all ERs
were converted into solid, infusible, and insoluble threedimensional thermoset networks by the curing process with the use of appropriate cross-linkers. Optimum performance properties can be obtained by cross-linking using the appropriate ERs and cross-linkers, often called hardeners or curing agents. Besides influencing the viscosity and reactivity of the formulation, curing agents also determine the types of chemical bonds formed and the degree of cross-linking that will occur. These affect the chemical resistance, electrical properties, mechanical properties, and heat resistance of the cured thermosets [19] . Curing degrees of ER and M-ERs were determined by FTIR spectra. Epoxy group showed typical bands at the regions of 830, 913, and 1250 cm at 913 cm −1 was used for the determination of curing degree because a band at 830 cm −1 possibly overlapped with a C-H vibration band of aromatic ring [21, 22] . As intensity of the absorption band at 913 cm −1 decreased, curing degree increased. Thus, the results showed that the absorption band at 913 cm −1 was sensitive to the change of epoxy group and in accordance with Beer-Lambert law [23, 24] .
As seen from Figures 3 and 4 , the absorption band at 913 cm −1 observed in FTIR spectra of ER completely disappeared upon modifying with EMP, PhEP, CEH, and FAGE. This indicated that all modification processes were successful. According to the Beer-Lambert law, the absorption peak at 1600-1616 cm −1 belongs to the benzene ring and can be considered as the internal standard. Thus, the degree of curing can be determined from FTIR spectra of ER and MERs 
where uncured is the original absorbance of epoxy without curing while cured is the absorbance of the cured M-ERs. Table 3 shows the curing degrees of ER and the M-ERs with 30 wt.% modifier content. The curing degrees of MERs were found to be similar or higher than those of ER. This result was attributed to the presence of epoxy group in the structure of modifiers. As it is known, epoxy ring is abnormally reactive compared to noncyclic and other cyclic ethers. It has been postulated that the highly strained bond angles, along with the polarization of C-C and C-O bonds, account for the high reactivity of epoxide. Since ERs contain two chemically reactive functional groups, epoxy and hydroxyl, they are mostly cured via epoxy group. Reaction of epoxy groups involves opening of oxirane ring and formation of longer, linear C-O bonds. This feature accounts for the low shrinkage and good dimensional stability of cured epoxides [18] .
AFM Analysis.
Atomic force microscopy is one of the most important microscopic techniques and used in the analyses of the surfaces of polymers at nanometer scale. The additional advantage of using AFM is that it can give distinguished surface topography and surface heterogeneity. The representative 3D surface morphologies of ER and MERs are given in Figures 5 and 6 , respectively. As expected, their surface morphologies were quite different because the modifying agents have different chemical structures. As can be easily seen in AFM images, the heights on the surface of ER ( Figure 5) were not intense. In addition, modification process increased the surface porosity of ER. Increased roughness was observed at ER-PhEP (Figure 6(b) ) compared to the other blends, ER-EMP, ER-CEH, and ER-FAGE, whose surfaces were relatively bumpy ( Figures 6(a) , 6(c), and 6(d), resp.). This is most probably due to the bigger phenyl groups in ERPhEP with respect to ketone or other aliphatic groups. As known, the ability of additives to migrate to the surface can be defined by several factors such as size, mobility, end-group functionality, relative composition, and molecular architecture. Generally, the existence of the modifiers having various chemical structures makes the polymer surface rougher.
Mechanical Properties.
The strength and toughness of ERs below the glass transition temperature ( ) depend on the mechanism of the movement of short segments in the solid state. Above , mechanical properties are influenced by cross-linking density and molecular weight [17] . The structure of the side-chain substituents on the polymer backbone is the major compositional factor impacting the polymer functionality. Important aspects of substitutions are chemical structure of the substituents, extent of backbone substitution, and uniformity of the substitution. The nature of the side-chain substituent type also significantly impacts the mechanical properties. Increasing the amount of highly polar, ionic side chains tends to result in an increase in tensile strength. Polarity order of the functional groups is given as follows: amide > carboxylic acid > hydroxyl > ketone ∼ aldehyde > amine > ester > ether > alkene > alkane. Besides, polarity of aromatic compounds and conjugated polyenes are higher than those of alkanes and alkenes [26] . Sethuraman et al. investigated the effect of side group structure on the compressive strength of novel biodegradable polyphosphazene based polymers [27] . The results of mechanical tests demonstrated that the nature and the ratio of the pendant groups attached to the polymer backbone played a significant role in determining the mechanical properties of the resulting polymer. The compressive strength of polymer with aliphatic alanine side group was significantly higher than polymers with aromatic alanine groups [27] . Cerit et al. [28] reported that the highest elongation at break was obtained as 2.91% with a condensation product of modified polystyrene-(MPS-) crotonaldehyde among the aliphatic aldehydes and as 1.86% with a condensation product of MPS-cinnamaldehyde among the aromatic aldehydes. Additionally, condensation reaction product of MPS with crotonaldehyde which has a double unsaturated bond and more carbon number in the (-CO-CH=CH-CH=CH-CH 3 ) side group showed improved tensile strength and elongation at break compared to other MPSs. Thus, the MPSs having aliphatic ketone group presented better mechanical results compared to those having aromatic ketone group. The results on the tensile strength and hardness are given in Table 4 . The stress-strain curves of ER and MERs are represented in Figure 7 . Breaking strain ratio and tensile strength for ER were found as 0.487% and 41.75 MPa, respectively. When ER was modified with EMP having a carbonyl group, its breaking strain ratio reached 0.559%, which is the highest stretching value. It was observed that an increase in modifier amount caused an increase in stretching. The lowest stretching was observed with ER-PhEP and this is consistent with literature [29] .
Tensile strengths of M-ERs modified up to 30% were observed to be higher than that of ER. The highest tensile strength was achieved with ER-EMP (with 10% modifier content), which has a carbonyl group. The second highest was obtained with ER-FAGE that has alkene groups and the highest number of carbon atoms. In our previous study, we reported that all epoxy blends with various polymer types show higher values of tensile strength and elongation International Journal of Polymer Science at break than pure epoxy matrix due to the polar sidechain groups in the polymers used. Moreover, extent of these properties increased with the increase in the amounts of the polymers. Best results were obtained with oligo(ethers-esters) [10] . Besides, the introduction of soft segments into brittle ERs dramatically reduced the internal stress and increased the strength [8] . Kunal et al. [30] explained the relationship between the fragility and side group structures in polymers. According to their comment, addition of bulky and inflexible side groups causes the polymers to become relatively fragile and also increases . Therefore, the order of the tensile strength of M-ERs with 10% modifier was found to be ER-EMP (59 MPa) > ER-FAGE (51 MPa) > ER-PhEP and ER-CEH (48 MPa) due to the polar groups in the chemical structures.
Brittle materials such as ceramic do not undergo plastic deformation and break under low tension [31] . Therefore, Young's modules of hard and brittle polymers are high while breaking strains of them are low [32] . Similarly, Young's modules of soft polymers are low while breaking strains of those are high [33] . In the present study, the optimum modifier contents were determined to be 10, 20, and 30% (wt.) for CEH, PhEP, and FAGE, respectively, in terms of the tensile strength and elasticity (Young's module) values. The order of the tensile strengths and elasticity modules of M-ERs was found as follows: ER-EMP > ER-CEH > ER-FAGE > ERPhEP.
Unlike metals, there is no correlation between hardness and tensile strength for elastomers. The tensile strength of an elastomer may increase or decrease as hardness value increases depending on the nature of the constituent components [33] . However, the hardness measurements show similar results for tensile tests because these are proportionally associated with each other in terms of mechanical properties [34] . As seen in Table 4 , tensile strengths of MERs, which were modified up to 30%, were higher than that of ER. The hardness of ER-EMP and ER-CEH were observed to be higher than those of other M-ERs, too.
In many materials, an applied stress (up to a certain limit) is directly proportional to a resulting strain, and a graph relating these two quantities yields a straight line. The linearelastic region is below the yield point. If a yield point is not easily identified on the stress-strain plot, it is defined to be 0-0.2% of strain and is defined as the region of strain in which no yielding (permanent deformation) occurs [29] . As clearly seen in Figure 7 , stress-strain curves of M-ERs were split in two as elastic and plastic regions compared to ER. Stress and strain increased proportionally in elastic region. Further increment of the strain caused a slight increment in stress. It is known that the increase in stress and strain proceeded to rise up to composite fracture. M-ERs represented broad stress-strain regions with respect to ER and this means that the addition of modifier enhanced its plasticity. The broadest strain region was obtained with ER-EMP and, accordingly, the highest elasticity modulus and stretching values from the tensile test were also achieved with this M-ER type.
Thermal Properties.
Thermal analysis is an important analytical method to understand the structure-property relationships and thermal stability of the polymers. The nature of the substituents plays an important role in thermal stability. Polystyrenes (PS) modified with various aldehydes were reported to be more stable to thermal destruction than unmodified PS, depending on structure of active polyfunctional groups bound to the aromatic ring [28] . The principal characteristics and products of thermal degradation of a commercial ER prepared by the reaction of bisphenol-A with epichlorohydrin have been studied by Grassie et al. Decomposition of the cross-linked resin occurred above 340 ∘ C and phenolic compounds appeared in the media [35] . In the present study, effect of the structure of modifying agent on the thermal properties of ER was investigated by using TGA analysis in the temperature range of 50-800 ∘ C and the results are given in Tables 5 and 6 . The ER and M-ERs underwent two-stage thermal degradation ( Figure 8 ). First degradation stage of ER was observed at 100 ∘ C resulting from the dehydration of ER cured with polyamine. Second degradation stage was observed at 250 ∘ C occurring due to the degradation of bisphenol-A group. 5 , 10 , and 50 temperatures (5, 10, and 50% weight loss, resp.) are the main identifiers of thermal stability of composites. The higher these temperatures are, the higher the thermal stability is. As clearly seen from the first (FDP) and second (SDP) degradation points and also 5 , 10 , and 50 temperature values, modification with EMP and PhEP improved the thermal stability of ER (Table 5 ). The 5 values of ER increased from 173 ∘ C to 195 and 200 ∘ C with these modifiers, respectively. The 50 temperatures showed similar behaviours. On the other hand, these temperatures for the MERs with CEH and FAGE were found to be slightly lower than the temperatures for other M-ERs. Consequently, modifying with PhEP and EMP improved the thermal stability of ER while CEH and FAGE have slight effects on the property (Table 6 ). Fouassier and Rabek [36] reported that polymer systems with highly cross-linked network structures commonly exhibit greater thermal stability than the systems with lower cross-linking. Since ERs modified with EMP and PhEP showed higher curing degrees, their thermal stabilities were found to be higher than others, too. The order of the thermal stability of M-ERs with 30% modifier content is as follows: PhEP > EMP > FAGE > CEH. In a previous study comparing the thermal and mechanical properties of the epoxy systems, the ERs cured with aromatic DETDA (diethyltoluene diamine) had higher thermal properties at all cross-linking densities compared to those cured with DGEBA/TETA (triethylenetetramine). On the other hand, higher mechanical properties were obtained with DGEBA/TETA [37] .
The residual char percentages of 12%, 14%, 15%, and 17.5% were observed in the thermal decomposition ( = 800 ∘ C) of the ERs modified with FAGE, EMP, CEH, and PhEP, respectively, while it was determined as 9% for neat ER. The char yield can be used as a criterion for the evaluation of limiting oxygen index (LOI) of the cured resins in accordance with Van Krevelen and Hoftyzer equation [38] : LOI = 17.5 + 0.4 char yield.
(5) The LOI values calculated using (5) were 22.3, 23.1, 23.5, and 24.5 for FAGE, EMP, CEH, and PhEP modifiers, respectively. The higher the LOI value, the better the nonflammability property of the material. Air contains approximately 21% oxygen; therefore, LOI value greater than 21 indicates a nonflammable nature. However, any material with an LOI of less than 21 will probably support burning in an open-air situation. All M-ERs prepared in this study had LOI values higher than 21, which means that FAGE, EMP, CEH, and PhEP enhanced the flame retardancy of epoxy.
Coating Properties.
The versatile properties of ERs make them valuable, particularly in human daily life and specific applications. In particular, industrial maintenance coating applications constitute the largest epoxy coating market globally. The main function of these coatings in applications is the protection of the metal and concrete structures from aggressive environmental conditions and for their long term use. Resins based on bisphenol-A and bisphenol-F epoxies are commonly used. Likewise aliphatic polyamines, aliphatic and aromatic amines, ketimines, phenalkamines, amidoamine, and polyamide resins can be used as curing agents for ER. Special modifiers and curing agents should be used to produce specific properties [17] .
(1) Water Sorption. The water absorbed by the materials may change or deteriorate the properties of epoxy materials since highly cross-linked ERs are hydrophilic [38] . Moreover, depending on the amount of water absorbed, it may also affect the properties of the coating material related to anticorrosive protection [39] . Sorption of the liquid by the cured epoxy may lead to chemical changes as well as mechanical changes. For fully cured ERs, liquid sorption has led to failures such as swelling, modulus loss, strength loss, stress cracking, weight gain, gloss loss, and hardness loss. The amount of water in cured ER is strongly dependent on the chemical structure of the material, filler type and amount, and degree of cross-linking and curing agents [40, 41] . A polymer chain having an epoxy backbone is substantially better than many other resin types at resisting the effects of water. The water absorption percentages of various ERs after 24-hour immersion were reported by Licari to be 0.5-1.0% depending on the formulation and type of resin [42] .
The water sorption properties of ER and M-ERs (with 30% (wt.) modifier content) were tested in deionized water for 30 days at room temperature. Preliminary studies showed that this is a sufficient time for reaching the equilibrium for all types of M-ERs studied. In addition, the effect of temperature on water sorption was investigated at 45
∘ C. Figure 9 shows the variation in water sorption over time and temperature. As previously mentioned, water sorption was determined by using gravimetric method. Water sorption equilibrium was obtained in 12 days for ER and ER-PhEP, in 20 days for ER-FAGE, in 22 days for ER-CEH, and in 26 days for ER-EMP.
The equilibrium water content of ER was measured as 0.81%, which is consistent with the reports in the literature [42] . Soles et al. [43] explained that the water molecules would mostly bond to the polar groups in the ER. Mijović and Zhang [44] mentioned that more than 95% of water molecules would reside near the polar groups in the epoxy network.
The order of the water sorption percentages of M-ERs having different functional groups was ER-EMP > ER-CEH > ER-FAGE > ER-PhEP. This order is also in agreement with the tensile strength results. At the end of the 30 days, the highest water sorption was observed to be with the M-ER having ketone group (ER-EMP) as 4.22%. On the other hand, the most promising result was achieved with ER-PhEP as its water content was 0.83% which is almost equal to that of ER (Figure 9(a) ).
To understand and improve the performance of ER at harsh environmental conditions, it is essential to investigate the influence of temperature on the water equilibrium over 20-25 ∘ C. As seen from Figure 9 (b), a fast increment in water sorption was observed with the increase in temperature and the equilibrium was reached in 7-8 days at 45 ∘ C. After this period, water sorption of ER doubled and finally was found to be 1.8%. Similar to the results obtained at room temperature, water sorption of ER-PhEP at 45 ∘ C was close to that of ER. It is clearly seen that the orders of water sorption percentages of M-ERs were similar when the results for both temperatures were compared.
Water desorption properties were also examined at 45 ∘ C. As seen from Figure 9 of ER-FAGE and ER-CEH were finished in 14-16 days, which were earlier than that of ER. The ER-EMP had the highest water sorption and desorption. Water desorption percentages decreased in the order of ER-EMP ≈ ER-PhEP > ER-FAGE > ER-CEH > ER. Thus, the results indicated that modifying ER with EMP and PhEP enhanced its water desorption property.
(2) Adhesion and Corrosion Properties. Adhesion between the polymer and the substrate layer is controlled by the chemical groups. The increase in polarity of the chemical group causes an increase in molecular forces between the surface of the substrate and polymer. This also results in an increase in adhesion strength [45] . Since polar groups such as epoxides, hydroxyls, and carboxyls in polymeric backbones are adhesion promoters, epoxies adhere well to most metals and alloys, plastics, and ceramics. Shreepathi et al. mentioned that equilibrium water content is also an important factor for the corrosion resistance of epoxy coatings. For example, coatings with lower equilibrium water content showed better corrosion resistances [46] .
The adhesion and chemical resistance properties of bisphenol-A type ERs are well known [1, 42] . In the present study, adhesion and corrosion tests were performed for the M-ERs with 30% modifier content. An image of the metal plates coated with M-ERs and the related data are shown in Figure 10 and Table 7 , respectively. Accordingly, all M-ERs showed 100% adhesion to metal surface. This is due to the increased polarity of epoxy with the modifiers. Furthermore, Beholz et al. [47] stated that modifying the surface of poly(p-phenylene sulfide) with polar groups increased the surface roughness, which also resulted in an increased surface adhesiveness. Likewise, AFM images of the M-ERs show that the surface roughness significantly increased due to the modification with EMP, PhEP, CEH, and FAGE and this can also be a reason for the increased surface adhesiveness ( Figure 6 ).
Corrosion properties were examined by keeping the samples in 5% solutions of NaCl, NaOH, and HCl for 15 days (open air). After the completion of soaking, physical appearances of the M-ERs were tested and no change was observed in the samples. Similarly, coatings displayed a considerable resistance to salt water. Liu et al. demonstrated that increasing the cross-linking density may improve the corrosion resistance of coatings [48] . Among the M-ERs, the highest curing degree was obtained with ER-EMP and this M-ER was more resistant to acid and alkaline medium compared to other M-ERs with FAGE and CEH. Although FAGE had a higher curing degree than PhEP, its corrosion resistance to acids and bases was lower than the M-ER with aromatic group. This is most probably due to the ester bonds in FAGE which can be degraded by hydrolysis at extreme pH values. It is known that the lower concentration of ester groups in polymer causes the higher corrosion resistance. But ERs having aromatic ring show high durability to acids and bases [49] . Therefore, although the curing degree of M-ER with PhEP had a close value to that with CEH and lower value than that with FAGE, it has a better resistance than the others.
Conclusion
In the present study, ER was modified using four different epoxide compounds to improve mechanical, thermal, and coating properties. It was observed that tensile strengths of the M-ERs with 30% (wt.) modifier content were higher than that of ER. Similarly, hardness values of the M-ERs were also higher compared to the neat ER. The M-ERs displayed broad stress-strain regions with respect to the ER, which means that the modification enhanced the plasticity of neat ER. Thermal stability of ER was also improved with the modifiers PhEP and EMP, while CEH and FAGE had negligible effects on this property. The best water sorption percentage was achieved with ER-PhEP (0.83%), which was almost equal to that obtained with neat ER (0.81%). The water sorption percentage of the other M-ERs varied between 1.34% and 4.22%. Water desorption percentages decreased in the order of ER-EMP ≈ ER-PhEP > ER-FAGE > ER-CEH > ER. The M-ER coatings displayed a considerable resistance to acidic, basic, and salt water. The ER-EMP and ER-PhEP were more resistant to acid and alkaline medium compared to the ER and other M-ERs. As a result, significant enhancements were obtained in the properties of ER with the modification.
